Abstract-Insects have small brains, but their behavior is highly adaptive; this leads us to conclude that their brains possess a simple adaptation mechanism. This paper focuses on the pheromone processing of crickets, varying their aggression depending on their global neural connection, and proposes a behavior selection mechanism that can be controlled by network transformation. The controller is composed of an oscillator network, and its behavior is decided by the synchrony of organic oscillations. Furthermore, every network component corresponds to a certain brain module. A model is realized by using an analog circuit, and it is applied to a simple robot that displays the behavior of a real insect.
I. INTRODUCTION

C
URRENT very large scale integration technology has made it possible to fabricate over one billion cells on a chip. The enormity of this quantity can be recognized by comparing it with the number of neurons in insect brains, which has been found to be only 10 4 −10 6 . This fact has encouraged us to visualize the construction of an artificial brain system using large-scale integration. However, a methodology for organic adaptability is not available, and therefore, further research that goes beyond the discussion of cell numbers is required.
Recent research has reported multisystems (or networks) that possess various structures for different functionalities; for example, actual phenomena such as the Internet and traffic networks [1] and disease infection [2] , [3] use a small-world (SW) structure to realize effective communication. Thus, the transformation of a network causes a transition in the system functionality. In particular, if the structural change is due to the environment, proper transformation implies adaptation. The use of structural changes as a medium of adaptability has not been emphasized; however, it has the potential to realize adaptability in simple systems that are modeled similar to insect brains. In fact, there are several reports of unconventional structures in animal brains, for instance, from a functional viewpoint, the presence of an SW structure in the antennal lobe has been suggested [4] . An investigation of the neural connections in nematodes led to the inference of the SW structure [5] .
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T. Funato Therefore, we focus on the role of the physical structure in adaptability and aim to elucidate the brain mechanism by using a network structure. In this paper, the olfactory system in the insect brain, particularly the unit that processes pheromones in crickets, is considered. A pheromone is a chemical substance that mediates communication among animals belonging to the same species. As the behavior caused by pheromones are stereotypical, a simple processing unit can replicate their behavior. A well-known behavioral trait of crickets is that male crickets show aggression toward or avoid other male crickets. Current researches indicate that the selection of either of the two behavioral patterns is related to global connectivity in the neural network (NN), which is based on experiences from previous fights [6] , [7] ; such a selection mechanism implies the existence of a structural effect. We model the processing unit using the structural characteristics of an oscillator network. A previous study has proposed a method for controlling network behavior by manipulating the structure [8] , [9] . An oscillator network is capable of modeling an organic selector. Oscillations of 15-30 Hz are observed in olfactory units, which are the main pheromone processors of various organisms such as locusts, cockroaches, bees, and wasps [10] . Furthermore, the odor dependence of the synchrony of the oscillators is also observed [11] . This fact implies that the oscillator network model can be adapted as an actual brain model. We develop the model of an antennal lobe by using an oscillator network that changes behavior according to its structure. We realize the model by employing an analog circuit that comprises coupled van der Pol (VDP) oscillators. Subsequently, we propose a robot that autonomously selects its behavior.
II. BEHAVIORAL PATTERNS AND STRUCTURE OF MODEL
A. Pheromone Information
When a male cricket encounters conspecific male, the two crickets become aggressive and start fighting [12] . This behavior is stereotypical, and therefore, we can associate it with a certain stimulus or condition. Further, the previous experiences of organisms affect their actions. For example, crickets avoid their previous dominants instead of attacking them at first contact [12] . However, they resume aggressive behavior after flying [13] . These phenomena indicate the existence of switching mechanisms inside the brain of the cricket, and these organic switches work as a generator for experience-based adaptability.
The fighting behavior starts with pheromone stimuli. Pheromones are detected by receptors on the surface of the antennas, and the information is transferred to the antennal lobe. From an anatomical point of view, the antennal lobe is composed of several regions, as shown in Fig. 1 . The biggest part on the lower left side of the antennal lobe deals with the physical stimulus of the lobe, and the sphere-shaped parts, which are called glomeruli, on the upper right side are concerned with the processing of the chemical information, which is represented by odor. The information recorded in the antennal lobe is classified according to the type of stimulus; it is then transferred to the mushroom body via projection neurons (PNs) and subsequently is translated into a behavior [14] . Moreover, each PN is connected to local interneurons (LINs). Fig. 2 shows the module structure in the brain involved with the flow of odor information. The arrows in the figure show the direction of information flow, whereas no arrows are drawn for the LINs because there are numerous LINs in both directions. For simplicity, we do not distinguish between excited and inhibited junctions in this paper. By considering only the connections shown in Fig. 2 , we create a network model ( Fig. 3 ) and develop a model of behavior selector using this network.
The neurons in the antennal lobe are not physically connected; however, there are gaps between the neurons, which are termed as synaptic clefts, where the information is transmitted via neurotransmitters such as gamma-aminobutyric acid and glutamate. The experience from previous fights affects this connection. Recently, researchers have reported that nitric oxide (NO) produced in the brain of the cricket during fights [6] determines the action of the insect [7] , [15] . NO is produced by the neurons and expands to a large area in the brain [6] , causing changes in the global synapse connections. Thus, the neural network structure translates the experience into a behavior.
B. Oscillator
Recently, the functionality of neural oscillators has attracted considerable attention, as the functionality extends from mechanical oscillators such as the central pattern generator to circadian rhythms, associative memory [16] , and the edge detection of images [17] . Neural oscillation is also observed in the olfactory processing system of various animals [10] , in which synchronous oscillation expectedly occurs for expressing odor information [11] ; however, the mechanism is still under debate. The synchrony between coupled oscillators is reported to be influenced by the structure of the network [18] , [19] , which also affects the behavior of crickets, as mentioned in the previous section. Therefore, the functionality of the olfactory unit may be generated from its structure. In this paper, we consider the geometrical features of an oscillator network and its application to an antennal lobe model.
Some nonlinear oscillators show a stable cycle, which is termed as a limit cycle, in their phase orbit [ Fig. 4(a) ]. In coupled oscillators, this cycle is usually observed when they are synchronized. On the other hand, if the oscillators are not synchronized, the behavior becomes totally different [ Fig. 4(b) ].
As an example, we consider the VDP oscillator, which is a wellknown limit-cycle oscillator, given bÿ
and we assume a linear interaction as follows:
Here,x i (t) denotes an oscillator state that proceeds without interaction [only by (1) ], N i is the number of oscillators connected to the ith oscillator, and λ is the connection coefficient. Two oscillators, whose eigenfrequencies are 1.0 and 0.9 and which are connected with λ = 0.01, show a stable cycle by synchronization, as shown in Fig. 4(a) . On the other hand, an oscillator system with eigenfrequencies that are 1.0 and 0.7 does not have a stable cycle [ Fig. 4(b) ]. This shows that the synchrony between coupled oscillators critically depends on the eigenfrequencies. Therefore, we can control the behavior of the oscillators by selecting a proper pair with regard to the eigenfrequencies. Next, we consider the effect of the structure of the connection on coupled oscillator systems. In Fig. 5(a) , the oscillators represented by solid circles have forces acting on them from the two neighboring oscillators, which determine the synchrony. If we add a new connection (we hereafter refer to it as a "shortcut") to this system, which is as shown in Fig. 5(b) , the oscillator represented by the solid circle is also influenced by its new neighbor. If the eigenfrequency of the new oscillator is significantly different from the synchronized frequency, the state of synchronization will get disrupted. On the other hand, if the eigenfrequency of the new oscillator is between that of the existing coupled oscillators, the two asynchronized systems will become synchronized. The procedure to control the stability of the oscillator network is more precisely studied on coupled VDP oscillators [8] and the network of the Kuramoto model [9] , which results in the derivation of the threshold value of the eigenfrequency that disrupts the synchrony of the oscillators. The stability of synchronization has also been discussed without the explicit use of eigenfrequencies, which is by considering the eigenvalues of the connectivity matrix. The application of the master stability function [20] to various network types [18] , [21] , particularly by Jadbabaie et al. [19] , has led to the development of a synchronization condition for the Kuramoto model. However, the effect of the eigenfrequencies cannot be suppressed for retaining the possibility of achieving an asynchronized state [19] , and thus, the effect of the eigenvalues is comparatively suppressed when the number of network nodes is low. The number of nodes in an objective network, i.e., the number of biological organs modeled by the oscillator (glomerulus, which is described in the following section), is small (less than 1000 [10] ); therefore, in this paper, we stress on the effect of eigenfrequencies instead of eigenvalues.
Next, we model a neural connection using oscillator coupling, LINs as shortcuts, and the system behavior as the basis of the synchrony of each oscillator. As a result, by setting an appropriate eigenfrequency of the oscillator, the system behavior changes with the network transformation.
C. Functional Model Using Oscillator Network
In this section we consider a model of olfactory unit functions based on biological knowledge (Section II-A) and the oscillator network (Section II-B).
1) Odor Classification: First, we construct a function to classify the odor information by the synchrony of the oscillators. By focusing our attention on the information flowing through a glomerulus (shown in Fig. 3) , an oscillator network model is constructed as shown in Fig. 6 ; in this model, the information is processed through several oscillators to provide the output behavior. The circles in the figure represent oscillators, and the arrows indicate the orientation of the influence. Each oscillator has a different eigenfrequency, and therefore, synchronization does not occur without stimuli. When stimulus is provided, the glomerulus (the center circle) starts oscillating according to the signal type, and the oscillation is transferred to other oscillators; thus, synchronization occurs. We investigate the behavior of an oscillator network with given eigenfrequencies. The oscillators are expected to synchronize when the gap between the eigenfrequencies of neighboring oscillators is below 0.05. We consider a six-oscillator system, whose eigenfrequencies range from 0.5 to 1.0 (Fig. 6) . By stimulating the center device so that it oscillates with a frequency from 0.45 to 0.65, the synchronization relationship varies, as shown in Table I . Therefore, we can observe the alternation of synchronization according to the input stimuli.
2) Behavior Switching: Next, the mechanism of behavior switching is considered. As mentioned previously, NO is produced in the antennal lobe during a fight and changes the junctions of the LINs to cause a change in attitude. In the proposed model, this function is realized by altering the connections between the oscillators.
We consider a network (see Fig. 7 ) whose structure is changed by new shortcuts. In this case, oscillators O 1 , O 2 , O 3 , and I 1 are strongly connected to each other, and therefore, we can assume that these oscillators oscillate at a frequency of 0.65 on synchronization. Furthermore, if we stimulate this system using the same inputs as those in the odor classification study discussed previously, the synchronized relationships can be described as given in Table II . This result shows that behavior changes with structure, even for identical signals; therefore, the model represents the NN of crickets in which the behavior is controlled by NO. Thus, we have developed a brain model that adopts a behavioral pattern based on experience.
III. REALIZATION OF MODEL USING ELECTRIC CIRCUIT
One of the primary motivations of this paper is the difference in the number of components between insect brains and computer systems, and the derivation of simple mechanisms for achieving certain functions is the final aim. For achieving this simplicity in the sense of the number of elements, the model is constructed by using an analog circuit instead of a digital circuit, which is composed of a large number of transistors.
In this section, we realize the proposed model and confirm that the synchrony, which reflects the behavior of the circuit, can be controlled by network transformation. We examine the behavior using a circuit simulator (LT Spice).
A. VDP Circuit
First, we develop a circuit composed of the previously mentioned VDP oscillators. The oscillation of a VDP oscillator originates from the nonlinearity of the tunnel diode, and the circuit can be assembled by a simple analog circuit of tunnel diodes, resistances, capacitors, and coils. We construct a VDP circuit on a circuit simulator, as shown in Fig. 9(a) . We used the 1N3858 tunnel diode, whose V -I characteristics are shown in Fig. 8 . The circuit model demonstrates an approximately 2-kHz oscillation [as shown in Fig. 9(b) ], with the following parameters: R 1 , R 2 , C 1 , and L 1 = 100 Ω, 100 Ω, 1 µF, and 500 mH, respectively. We use this VDP circuit as an oscillator.
B. Antennal Lobe Circuit
Next, the proposed behavior switch is constructed on the circuit simulator. A network is built with no local connections among the oscillators (Fig. 6) , as shown in Fig. 10(a) ; the inductances of the oscillators O 1 to O 3 range from 300 to 700 mH, and they are connected with 400-Ω resistances. Here, the resistance values correspond to the connection coefficients. As a result, the eigenfrequencies of the oscillators become approximately 2.5, 2, and 1.5 kHz, respectively. By providing a 2.3-kHz sine oscillation as stimulation, which is the average frequency of O 1 and O 2 , the synchronization of these two oscillators is achieved; only O 3 oscillates independently [ Fig. 10(b) ]. In the same manner, by using an oscillation of approximately 1.7 kHz, O 2 and O 3 are synchronized. Subsequently, the local joints are taken into account. On the basis of the local connections of the proposed circuit (Fig. 7) , additional pairs of oscillators are connected by using resistors, as shown in Fig. 11(a) . Subsequently, the developed circuit is stimulated with the 2.3-kHz input oscillation. Consequently, every oscillator is synchronized, as shown in Fig. 11(b) . The same result is obtained for a 1.7-kHz input.
Eventually, it is proved that a change in the local connection changes the response of the oscillator in the proposed model; therefore, we can state that the influence of NO, i.e., the influence of experience on the behavior of a cricket, is modeled. 
A. Robot Model
In order to consider the proposed model from the viewpoint of behavior and to apply it to multiagent systems, we propose a robot model based on the aforementioned circuit. The simple robot models shown in Fig. 12 display both an offensive and cowardly behavior [22] , [23] . If we cross-connect the motors and sensors such that the left sensor activates the right motor, as shown in Fig. 12(a) , the robot heads toward the stimuli in a display of attacking behavior. On the other hand, if we arrange the sensors and motors in parallel [ Fig. 12(b) ], the robot attempts to avoid the source of the stimuli.
We apply the proposed oscillator circuit to this simple robot so that the aggressive and avoidance behaviors alternate, depending on the internal state. We arrange the proposed antennal lobe model between the sensor and the motor, as shown in Fig. 13 . The circles in the figure indicate oscillators, and the numbers represent their eigenfrequencies. If there are no shortcuts (dotted lines), this robot moves in a direction that is toward the sensory input. On the contrary, if there are shortcuts, the frequencies of the oscillators change from 0.8 to 1.0 and 1.2 to 1.0; as a result, both the motors are activated by the stimuli. In this case, the robot attempts to leave the space where there is a sensor input; therefore, this behavior can be regarded as an avoiding action (Table III shows the complete reaction). Therefore, the proposed robot, like crickets, alternates its behavior by the transformation of its inner network.
B. Realization
On the basis of the aforementioned discussions, we construct a robot by using an analog circuit, as shown in Fig. 14 . The circuit consists of five VDP oscillators. The oscillators are connected by resistances; the connections are shown by lines in Fig. 14 . Changes in the structure are implemented by using the connections represented by the dotted lines: output 1-output 2 and output 2-output 3. The two oscillators on the left-sensor inputs 1 and 2-are equipped with mechanical switches. Stimuli by physical contacts are sensed by the switches, which then initiate the oscillation of the oscillators (sensor inputs 1 and 2). The other oscillators connect to motors; the motors are actuated if the two oscillators that are directly connected to the motors are synchronized. The actuation is realized by placing a threshold on the signal between the output of the oscillator and the motor. Considering that the overlaid oscillation signals the most enhanced and the amplitude of the oscillation signals exceed the level of the above mentioned threshold when they are synchronized, motors are driven only at that time.
The robot's behavior is shown in Fig. 15 . If there are no shortcuts (dotted lines in Fig. 13 ), the robot changes its orientation and goes toward the obstacle [ Fig. 15(a) ]. This behavior corresponds to the aggressive behavior of male crickets. However, if there are shortcuts (the NN is transformed after the fighting experience), it behaves as shown in Fig. 15(b) . In this case, it does not go toward an obstacle but away from it. Thus, the robot displays cowardly tendencies due to the change in the network's structure. Thus, we have been able to manipulate the robot's behavior by changing the network's structure.
C. Further Application
The main characteristic of the proposed robot, i.e., the change in its behavior according to the physical connections, can be studied further if the circuit is made to be environmentally sensitive. For example, if we connect the oscillators to thermosensitive elements and arrange several robots in a field so that they start fighting due to their aggressive behavior, the offensive interaction between the robots generates heat, which results in a change in the connections. As a result, each robot will individually change its behavior to avoidance, and finally, a particular hierarchy will autonomously emerge among them.
V. CONCLUSION
In this paper, a method that uses the structural characteristics of a robotic device as a controller is proposed through the consideration of the change in the behavior of a cricket by neural network transformation. In this controller, the behaviors are distinguished by the synchrony of the oscillators based on biological evidences, and two olfactory functions, i.e., odor classification and behavior switching, are realized. Each component of the proposed network switch corresponds to a certain element in the brain. The oscillators correspond to neurons, and their connections correspond to synapses; therefore, this oscillator network is also applicable as an olfactory model.
We also confirm the attributes of the proposed model via a simple analog circuit composed of coupled VDP oscillators and develop a robot model that changes its action depending on physical network connections. The proposed robot demonstrates behavior selection on the basis of its physical mechanism and is, therefore, more sensitive to the environment than program-based robot models.
